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An accurate and reasonable technique combining direct absorption spectroscopy and laser-induced fluorescence (LIF)
methods is developed to quantitatively measure the concentrations of hydroxyl in CHy/air flat laminar flame. In our ap-
proach, particular attention is paid to the linear laser-induced fluorescence and absorption processes, and experimental
details as well. Through measuring the temperature, LIF signal distribution and integrated absorption, spatially absolute
OH concentrations profiles are successfully resolved. These experimental results are then compared with the numerical
simulation. It is proved that the good quality of the results implies that this method is suitable for calibrating the OH-PLIF

measurement in a practical combustor.
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1. Introduction

Laser induced fluorescence (LIF) has been playing an in-
creasing role in combustion research over the last 20 to 30
years. It is the best method for measuring OH radical, the
important intermediates in combustion processes, with high
sensitivity, high temporal and spatial resolution. =]

Unfortunately, in the LIF measurement, the induced fluo-
rescence signal density captured by the intensify-CCD or PMT
is not only dependent on the absolute concentration of the
species excited by the laser pulse, but also related to other pro-
cesses such as electronic quenching, vibrational energy trans-
fer (VET), and rotational energy transfer (RET).!*0 These
processes are mainly influenced by many components such
as the molecular collisional partner, pressure, temperature and
quantum state. Therefore, LIF measurement for quantitative
species concentration becomes complex and uncertain, espe-
cially in such quasi-practical combustors as a gas turbine, en-
gine and other industry facilities.[”! Thus, it is necessary to
find some supplementary techniques and calibration methods
for the quantitative OH-LIF measurement. Although the di-
rect absorption is undoubtedly an independent measurement
skill for detecting absolute molecular concentrations, 311 it
has been shown that this technique is of low spatial revolution
in the non-uniformity field. Therefore, combining LIF and di-
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rect absorption is the feasible method to solve the problems
mentioned above.

Our present investigation is based on some recent
researches,!'>~14! which gives the detailed OH information of
typical flames to analyze and understand the flame structure
and burning velocity in laminar and turbulent flames. But,
only relevant OH-PLIF imaging was acquired in these re-
searches. Hence, a strategy for measuring the quantitative OH
concentration in the flame is useful and could play an impor-
tant role in this field.

In our work, we build an accurate experimental system
by combining the direct absorption and LIF methods to mea-
sure the absolute concentration of hydroxyl in a flat laminar
flame (a McKenna sintered bronze burner) under known con-
ditions. On this basis, we analyze the mechanisms of linear
laser-induced fluorescence and direct absorption and try to find
an effective method of determining the absolute density. In our
approach, more detailed factors are taken into account in both
experiment and measurement.

The rest of this paper is organized as follows. In Section 2
we elaborate on the method and experimental setup in combi-
nation with LIF and direct absorption spectroscopy methods.
Experimental results and a discussion are shown in Section 3.
Conclusions are drawn in Section 4.
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2. Quantitative measurement method
2.1. Experiment setup

The flame in the study is a methane/air flat flame, sta-
ble on a water-cooled sinter burner (McKenna). In combina-
tion with a 6-cm diameter stainless steel disk and a nitrogen
shroud, the combustion products can be prevented from be-
ing mixed with the surrounding air.!'>! A series of calibrated
Bronkhorst mass flow meters is used to measure and control
the flow rate of methane and air. The measuring location is
selected at 15 mm above the burner plate for the good op-

tical access and negligible temperature gradients around this
point indicated in the work of the German Aerospace Center
(DLR).[16]

The optical setup is shown in Fig. 1. In the laser system, a
tuneable dye laser (Cobra Stretch-G-2400, Sirah) pumped by
a 532 nm laser beam from Nd:YAG (Quantra Pro 250-10) is
used. The Q;(6) rotational line in the A2X+—X2T1(0,0) band
of OH around 309 nm is chosen as the absorption and exci-
tation line for its low-dependence on temperature and strong
absorption coefficient.
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Fig. 1. (color online) Schematic diagram of the diagnostic system for LIF and direct absorption.

Based on the mechanism of LIF, the relation between lo-
cal laser and fluorescence intensities is variable and nonlinear
with increasing laser energy as a result of saturation phenom-
ena. Thus, the key to this experiment is to maintain the linear
regime. Then, a laser beam with the sufficiently lower energy
pulse is required and weakened by a polarizing prism.

No lens can organize the laser sheet to acquire planar
measurement since the absorption behavior is more obvious
in a laser beam than in a laser sheet. So, the laser beam with
the diameter of less than 2.5 mm is selected due to the pinhole.

The laser beam is achieved by frequency doubling the dye
laser output. The dye used is Rhodamine 640 and the wave-
length is tuned to the peak of the Q(6) resonance of OH at
308.79 nm. The fluorescence signal is captured by a PI-MAX1
ICCD (512x512 pixels) using an UV lens with 100-mm focal
length (B. Halle); there is no filter arranged beyond ICCD be-
cause the absorption and emission band (AZX+-XT1(0,0)) are
identical. Moreover, it is noted that the image signal consists
of fluorescence, background and Rayleigh scattering.

A shorter gating (less than 100 ns) of the CCD intensifier
is used to suppress the undesired background from scattered
laser light in both the laboratory and the flame emission. Oth-
erwise, the signal of Rayleigh scattering is difficult to be re-
moved by optical and temporal filters. In our case, we choose

a calibrated strategy to solve this problem. The original flu-
orescence signal and pure Rayleigh scattering signal are cap-
tured separately by the same laser pulse energy and the differ-
ent laser wavelengths under the same flame condition. Dur-
ing this processing, the laser wavelength needs to be adjusted
to mismatch the excitation line without inducing the fluores-
cence. Then the real fluorescence signal is obtained by the
minus processing between these two types of images.

In order to measure the laser light attenuation, pyroelec-
tric joulesmeters (Laser Probe, Rm-3700 Universal Radiome-
ter with Rjp-435 Pyroelectric Energy Probe) are used to mon-
itor the laser energy before and after passing the flame. The
output signal is from the real-timely sampled voltage probe
(Tektronix P6015A) and transformed into digital data. The
LIF profile is a superimposition of the measurements of over
hundreds of laser shots.

2.2. Combined method approach

The principles and theories of OH-LIF measurement can
be found in Ref. [17], so only a brief description is given here.
The number of fluorescent photons per unit of time captured
by the photodetectors such as PMT and ICCD, St, can be ex-
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pressed as follows:

G-Q.V

St 41T

hveN, (1)

where G is the gain of the optical collection system, £ is the
solid angle of collection in unit sr, and V' is the probe volume
in unit m>. In spite of the setup and optical layout which is
easy to be calibrated and controlled, S¢ depends on the local
fluorescent photon number density N,. As indicated in the
experimental setup and coordinate system shown in Fig. 1, a
laser beam traverses the flame from the left (x = 0) to the right
(x = L). The fluorescence intensity in a linear regime at point
x is simply expressed as follows:

F(x) = BB~ 3 +folT.0) (x) - 9(x) -Now(x) - 1(2). )

where I(x) is the laser intensity at position x, Nop(x) is the
number density of hydroxyl radical, 8 is a proportionality fac-
tor, which is determined by the efficiency of the collecting op-
tics. By is the Einstein absorption coefficient. fg and 1 (x)
are the Boltzmann fractions in the initial quantum state and
the fluorescence quantum yield respectively. The former is
only dependent on the temperature for a certain transition; the
latter is determined not only by the temperature, but also by
the pressure. The local spectral overlap integral ¢ (x) can be
expressed in function (3), where g, and g, are normalized line
shape distributions of the laser and the corresponding absorp-
tion line.

000 = [ aulegr)av 3)

For the absorption in the LIF processing, the attenuation of the
laser density is governed the Lambert—Beer law:

- EY i), )

where « is the absorption coefficient and I(x) is the laser in-
tensity at position x. The absorber is a hydroxyl radical and
the Lambert-Beer law is transformed into

dI(x)
C dx

= —I(x) - Nou(x) - Ooat - fo(T,x) - 9 (x), (5

where Oy, 1S related to the Einstein coefficient B>, named
total absorption cross section, and it is independent of f and
overlap integral ¢ (x).

It needs to be figured out whether the relation function (3)
holds true in a linear regime,'”! which can be indicated in the
measurement results of the fluorescence distributions and in-
tensities at different laser pulse energies shown in Fig. 2.

It is clear that the relation between fluorescence and laser
energy is exactly linear only in lower regime (see Fig. 2(a)).
The laser energy needs to be adjusted until it is lower than

0.5 mJ to keep the LIF signal in a linear regime in our experi-
ment. The other interesting phenomenon is the normalized flu-
orescence density distributions which are normalized from O
to 1. The plots indicate the relevant fluorescences with chang-
ing the laser pulse energies from 0.01 mJ to 1.5 mJ. There are
some differences along the laser path (from the left side to the
right side of the burner), especially at the ends of some identi-
cal flame (see Fig. 2(b)).
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Fig. 2. (color online) Fluorescence distribution and laser pulse energies in
LIF.

Since the saturation of the LIF process in the higher laser
pulse is so heavy, no obvious decay of fluorescence is found
along the laser propagating direction. Thus, in all the cases
of our present work, the laser intensity needs to be attenuated
to ensure that the excitation transition is not saturated and the
LIF intensity is linear with laser power. In our case, the lim-
ited energy of the laser pulse is 50 p1J based on the experiment
results.

The other interesting thing is that the absorption can
change the lineshape (spectral distribution) of the laser and
the overlap integral ¢ (x), further influencing the relationship
between I(x) and F(x), especially in using the laser with a
broader bandwidth. The distortion of laser shape can be cal-
culated from the following function:

gL(x,v) = gr(0,v)exp <—/Oxa(x/7v)dx'> . 6)

Numerical results are used to illustrate this behavior as

shown in Fig. 3. The inset shows the spectral change of
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laser line for an example (FWHM of laser is 0.3 cm~ !, line
is Q1(6)(0-0), Nog = 1 x 10'® cm™3). A significant portion
of the radiation is absorbed near the center frequency, where
the overlap with the molecular line shape is high, and the
wings of the profile are almost unaffected. However, it can be
found from the calculation that the relationship between ratio
¢(x)/¢(0) and I(x)/I(0) is not dependent on the concentra-
tion of OH nor laser pulse energy but the shape of laser line.
Consequently, in terms of the relation mentioned above, it is
feasible to solve the absolute density in the present work in a
certain laser system.
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Fig. 3. (color online) Laser lineshape distributions.

Under linear excitation conditions, equation (4) can be
transformed into

=—B—. (7

The quantum yield 1(x) is determined by several colli-
sional effects, such as collision, pressure, electronic quench-
ing, rotational energy transfer (RET) and vibrational energy
transfer (VET); these effects are mainly due to pressure. In
the present work, all the flame cases are measured at the at-
mosphere, then the yield is constant at each position along the
optical path. Under this assumption, the integration of Eq. (4)
for I(x) yields

1(x)

10) = 1—C/0 F(x)dx, (8)

where C is the integration constant. Thus we find the rela-
tion between the initial laser energy and the fluorescence in-
tensity distribution. At position x, C could be calculated out
by the in/out energy ratio I(L)/I(0), which is monitored by
the joulesmeters. To obtain the absolute density of OH, it is
necessary to determine the normalized overlap integral ¢ (x)
and Boltzmann fraction f3 in Eq. (6) based on Beer—Lambert’s
law. Therefore, as mentioned before, the ratio ¢(x)/¢(0),
which has a certain relation to I(x)/I(0), could be determined
directly by looking up the table such as the one indicated in
Fig. 3(b). It is noted that the molecular line shape of OH
can be approximately regarded as being constant in a tempera-
ture range of 1500 K-2200 K of interest under the atmosphere
pressure. In this work, the absorption line shape is regarded
as a Voigt profile, which consists of the Lorentzian profile and
the Gaussian one. These two profiles rely on collisional broad-
ening and Doppler broadening respectively. The line shape of
the laser is assumed to be a Gaussian distribution with a full

width at half maximum of 0.1 cm™!.

Another key point fg
is the Boltzmann fraction values at different positions, which
are mainly influenced by temperature. Since the temperature
value at the same height above the burner can be taken to be the
same in the cases of typical McKenna flame, f3 is independent
of position x. So we use a thermocouple detector to measure
the temperature in our experiment and the fg value is calcu-
lated based on Ref. [18] and the datasheet from LIFBase.!*!

In order to gain more accuracy in the parameters of a cer-
tain flame to further study the quenching behavior of OH-LIF,
we choose 11 cases which are listed in Table 1 to compare
with the DLR work.['8] The probe position is located on the
burner axis at 7 = 15 nm above the burner plate, and @ is the
equivalent ratio determined by flow rates.

For these typical flames, a series of single-pulse CARS
spectra is measured in Ref. [16] (see T in Table 1), and a long
time thermocouple detector is used in this work (see 7™ in Ta-
ble 1). Obviously, the measured temperature 7" is lower than
the temperature 7* in Ref. [16] because of the heat radiation
of the thermocouple. But the gaps are near 250 K and overall
results are roughly in line with the trend of CARS. Therefore,
the CARS temperature is more accurate and is used to deter-
mine the concentration of OH.

The fluorescence signal is measured at the temporal peak
of fluorescence and the measurements are averaged over 200
laser pulses. The initial laser pulses are lower than 500 pJ
to keep LIF in a linear regime. Two typical images of fluo-
rescence signal are shown in Fig. 4, where the left and right
ones are corresponding to CHy/air flame Case 8 (E.R.=1.0)
and Case 11 (E.R.=1.2). The diameter of laser beam is less
than 2.5 mm, and the spatial energy distribution of laser beam
can be regarded as being uniform.
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Table 1. Flow conditions and temperature measurements in atmospheric Methane—Air flame.

Flame case [e3] CHy [slpm]  Air [slpm]  T%*/K (CARS result from [x])  7/K (thermocouple measured)  C-number/ 10710 (measured)
1 0.7 1.1 15 1706 1465 8.41928
2 0.8 1.31 15.6 1765 1502 8.90251
3 1 1.31 124 1790 1527 10.3521
4 1.1 1.31 11.31 1754 1438 10.3354
5 1.2 1.31 10.4 1723 1469 9.40472
6 0.9 1.42 15 1799 1516 9.95778
7 0.8 1.733 20.63 1828 1579 9.61952
8 1 1.733 16.5 1886 1605 10.1029
9 1.1 1.735 15 1818 1547 9.45027
10 1.2 1.733 13.7 1828 1531 8.71226
11 14 1.733 11.8 1813 1576 7.27621

Stablizer

Burner

Stablizer

Burner

Fig. 4. (color online) Typical original images of laser-induced fluores-
cence in Cases 3 and 8 introduced in Table 1.

All the images are then post-processed using a homemade
Matlab program to extract the relative OH concentration radial
profiles in the burned gases. Based on these processed images
of OH-LIF signal, the local relevant fluorescence distributions
F(x) of the 11 cases can be detected and then smoothed by the
Savitzky—Golay method as shown in Fig. 5(a). It is noticed
that the nonsymmetrical characteristics of LIF results validate
the attenuation of laser energy along the beam path. These
results are due to absorption.

The ratio of local laser intensity to initial energy I(x)/I(0)
is calculated. Then, the C-number in Eq. (8), which is listed in
Table 1, is measured from the in/out energy ratio (L) /1(0). To
obtain the absolute density of OH, it is necessary to determine
the normalized overlap integral ¢ (x) and Boltzmann fraction
/B in Eq. (6) based on Beer—Lambert’s law.

Finally, the concentration of OH (local number density)
is obtained using the function (9) as shown in Fig. 5(b). An-
other important coefficient Gy, (total absorption cross sec-
tion), which has been mentioned in Eq. (6), is acquired from

the LifBase database!!”) and our work (Ref. [20]).

— In[(/(x+Ax)) /1(x)]

N(x)= . ©))
(Gtotal 'fB(T,X) : Ax)
é’ 2.0F (a) case 1 —— case 2
~
>
i
i)
<!
Q
=
o)
Q
a2
19)
Q
Q
Q
n
Q
-
o
=
&=
el
9]
2
)5
o)
0 10 20 30 40 50 60
Position/mm
25
(b) ~——case l ——case 2
—— case 3 —— case 4
—— case b —— case 6
201 —— case 7 —— case 8
—— case 9 case 10 m
—— case 11

OH number density/10" cm™

10 20 30 40 50

Position/mm

Fig. 5. (color online) Fluorescence distributions and measured concentra-
tion profiles of OH.

In Fig. 3 the experimental OH fluorescence distributions
are compared and OH concentration profiles are calculated in
the premixed CHy/air flames. It can be observed that the OH
profile tends to be U-shaped due to the OH consumption in the
burned gases, especially in rich flames. The maximum value
of OH concentration is indicated in stoichiometric flames. The
concentrations of OH along a line from different cases are in
accordance with those of these expected types of flames of the
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McKenna burner. It is worth noting that the OH concentra-
tion should be a fixed value in the horizontal direction in spite
of the boundary performance. But the measured concentra-
tion distribution obviously presents a rise-slope shape in lean
flames. This is because of some error sources in the measure-
ment, which will be discussed later. The special concentra-
tions in an about 40 mm-long inner linear range are more reli-
able and can be compared with the numerical simulation using
the PREMIX code. !

3. Results and discussion

The average OH concentrations in the separate cases are
shown in Fig. 6. The region is 15 mm above the burner. It
is worth noting that we use the data of the central area (from
—20 mm to 20 mm) to acquire the average OH concentration
in the present work. Because the wing-like structure of the OH
concentration and temperature distributions are typical for this
burner, only the results in the central area could be considered
to compare with the simulation. The measured average OH
concentration varies from E.R. = 0.7 to 1.4. A peak appears
at the stoichiometric ratio. Considering the different practi-
cal conditions from an adiabatic flame, we find the tendencies
of measurements and calculations to be well consistent with
each other. It is also clear that the measured concentrations are
higher than calculated ones of a lean and stoichiometric flame,
and the opposite behavior for a rich flame (see Fig. 6(a)). One
reason is that the potential error results from the measuring
of laser pulse energies; therefore there could be a big gap be-
tween the practical measurement and the simulation in the case
of an adiabatic flame.

Figure 6(b) shows the relation between average fluores-
cence intensity and measured concentration of OH radical in
the middle area. The quantum efficiency in the LIF process
can then be calculated easily. An approximately linear rela-
tionship can be achieved as indicated by the slope in Fig. 6(b)
as we expected. The yields of cases 6 and 8 are less than
those in other cases, and they can be possibly explained by
high collisional quenching induced by CO; in the measure-
ment zone. ¢!

For all of these experiments, the uncertainty of the OH
concentration distribution measurement mainly comes from
two parts: the experiment setup and the spectral assumption
about absorption and the LIF process. The biggest one is the
error from fluorescence trapping, which is determined by the
optical system and the response of the ICCD. Secondly, we
ignore the temperature falls of about 200 K—400 K at the edge
of the burner. This difference brings some errors to the Boltz-
mann fraction.

The absolute uncertainty of the equivalence ratio is +2%,
determined by a careful calibration of each flow-meter real-
ized in our laboratory. The uncertainty of the temperature in

calculation (about +£2.5%) is cited from the literature. Mean-
while, the approximation of equal temperature along the laser
absorption path induces bigger error, with an absolute uncer-

tainty of about =5%.
18
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Fig. 6. (color online) Measured average OH concentrations in different
cases and numerical results at different equivalence ratios.

The uncertainty of LIF measurements is estimated to be
about £8% with considering the fluorescence trapping error.
One uncertainty of the practical absorption measurement is
+10%. Another uncertainty is from spectroscopy, Boltzmann
fraction (£2%), and the overlap from the absorption line and
laser line (£5%).

Besides, a big error from the temperature and OH con-
centration distribution falls at the edges (wing-like structure),
is estimated at £5%. The depth of parallelism between the
laser beam and the top surface of the burner causes some errors
because it could lead to the uncertainty of the optical length.
Therefore, we try our best to keep the beam parallel to the
burner and then ignore the possible minute error when pro-
cessing the results.

Consequently, the uncertainty of OH concentration pro-
files reaches £25% in the present work.

4. Conclusions

An experimental setup is constructed to measure the abso-
lute concentration of hydroxyl in a CHy4/air flat laminar flame
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(McKenna sintered bronze burner). A reasonable technique
combining direct absorption spectroscopy and LIF methods is
developed to quantitatively measure the concentrations of hy-
droxyl in different flame cases. Particular attention is paid to
the linear laser-induced fluorescence, absorption and excite-
ment processes of hydroxyl. In our approach, more details of
the experimentally measured signal of OH concentration were
taken into account as much as possible. On this basis, the
temperature, LIF signal distribution and integrated absorption
are measured to determine the absolute concentrations. The
technique is successfully used to determine spatially resolved
absolute OH concentrations at an equivalence ratio from 0.7 to
1.4. The results are compared with the calculation and the re-
lation between fluorescence and absolute concentration of OH
is discussed in this work.

The good quality and reliability of the results demonstrate
the ability of the technique to measure species profiles as a
calibration method of quantitative measurement in a practical
combustor using LIF. Finally, it is important to emphasize that
potential error sources and approaches still affect the accuracy
in measuring and post-processing, especially in the high pres-
sure environment. The next step of this study is to achieve
the quantitative measurement of hydroxyl in elevated pressure
flames, and investigate the collisional fluorescence quenching.
This topic will be disccussed in future work.
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